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Influence of middle-molecular-weight solutes from dialysate on
the migration rate of leukocytes. To investigate further the biolog-
ic activity of solutes in the middle-molecular-weight range, we
studied the influence of these compounds on the migration of
unseparated white blood cells and separated granulocytes and
lymphocytes. Middle molecules (MM) inhibit the migration of
unseparated leukocytes. but this effect on lymphocytes was sel-
dom observed. With scanning electron microscopy. unseparated
leukocytes were shown to adhere to one another, forming cellu-
lar clumps. This phenomenon could not be seen when separated
cells were used. These results give some insight into the mecha-
nism of inhibition exerted by MM and into the changes, observed
in earlier experiments, of cellular composition of skin exudate
obtained from untreated patients with uremia.
Influence de substances dissoutes de poids moléculaires moyens
du dialysat sur Ia vitesse de migration des leucocytes. Afin de pour-
suivre l'étude de l'activité biologique des substances dissoutes
de poids moléculaires moyens, l'infiuence de ces composes sur
Ia migration de leucocytes non séparés et de granulocytes et de
lymphocytes séparés a été étudiée. Les moyennes molecules
(MM) inhibent Ia migration des leucocytes non separes alors que
cet effet est pratiquement absent sur les lymphocytes. En micro-
scopie electronique il a été observe que les leucocytes non sé-
pares adherent les uns aux autres pour former des amas cellu-
laires. Ces résultats éclairent le mécanisme de l'inhibition par
MM, et aussi les modifications observées, au cours d'expéri-
ences antérleures, dans Ia composition de l'exsudat cutané
obtenu chez des malades urémiques non traités.
It is well established that patients with uremia are
immunologically deficient, especially in respect to
cell-mediated immunity [1—6]. It has been suggested
that there are substances that appear in large quan-
tities during the course of uremia that may be re-
sponsible for this phenomenon. Among them, the
solutes in the middle-molecular-weight range of 300
to 3000 daltons, the so-called uremic "middle mole-
cules" (MM), draw special attention [7—9]. These
substances may be isolated from serum or dialysate
and have been shown to cause inhibition of fibro-
blast proliferation [10] and blastic transformation of
lymphocytes [11—13]. They also exert cytotoxic ef-
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fects [II]. In a previous publication, we have shown
that skin exudate, obtained by the open-skin-win-
dow technique, differed with respect to cellular
composition in untreated patients with uremia,
healthy subjects, and patients under maintenance
hemodialysis [3, 4]. It can be presumed that MM are
responsible for deficiencies in cell-mediated immu-
nity because they inhibit lymphocyte stimulation
and modulate the migratory capability of cells
drawn to antigenic sites.
In this paper we focused our attention on the
question of whether the peptides under investiga-
tion, which appear during the course of uremia, in-
fluence cell migration velocity.
Methods
Isolation of middle molecules. Fractions of MM
were obtained from dialysate according to the meth-
od previously described [14]. The dialysate was
passed through a column (6 X 90 cm) composed of
Dowex SOW x 8 (50 to 100 mesh) in hydrogen form.
The resin was then washed with 20 liters of double-
distilled water. The amphoteric compounds were
eluted from the column with 1000 ml of 2 N ammo-
nium hydroxide. The solution was evaporated in a
rotary evaporator at 27° C to a volume of 50 ml.
Then, it was neutralized by 2 N hydrochloric acid
and dialyzed at 4° C in bags (Kalle Aktiengesell-
schaft) against double-distilled water until a nega-
tive reaction for chloride ions was achieved. The
nondialyzable residue was evaporated as described
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above to a volume of 5 ml and analyzed by thin-
layer electrophoresis on a Sephadex G-25 column.
Electrophoresis replicas, constructed from strips of
Whatman no. 1 paper, were made and stained with
ninhydrin followed by o-toluidyne reagent.
By referring to the stained replicas obtained on
Whatman no. I paper, we removed the correspond-
ing parts of the gel from the glass plates and eluted
them with double-distilled water. The pooled
eluants, each composed of electrophoretically ho-
mogenous fractions (P0. P,, P1 to P9), were estimated
by the method of Lowry and evaporated under re-
duced pressure to a concentration of 1 mg/mI. The
individual fractions were pooled for two reasons.
First, the amount of MM obtained from one dialy-
sate was too small even for one set of experiments.
Second, the fractions from one patient differed in
their biologic activity if compared to that from other
patients, which made statistical analysis difficult. P0
corresponds to the fraction stained by toluidine,
and P corresponds to the fraction that appears ad-
ditionally in uremic patients with uremia.
The molecular weights of the fractions obtained
were below 5000 daltons, with a main ninhidrine-
positive peak around 3000 daltons and a maximum
absorption at 260 nm around 1200 daltons. These
compounds may be regarded as peptides: they give
positive Lowry and Nessler reactions, and the hy-
drolysates obtained from each electrophoretic band
revealed different but almost complete amino acid
content [8, 10].
The dialysate that was not exposed to blood was
processed in exactly the same way as the dialy-
sate obtained in the course of the normal procedure.
Replicas did not contain, however, any stainable
material indicating the presence of the peptides. As
no bands were visible, the gel was divided into three
consecutive parts, I, II, and III; each of them was
eluted and concentrated in the same manner as de-
scribed previously. Such eluents were used for the
control biologic tests. Because solutes in the
middle-molecular-weight range were not present,
the same volume of eluents that was used in the bas-
ic experiments was added.
in vitro tests. The leukocytes were obtained from
healthy donors and were separated according to
BOyum [15]. The purity of individual fractions was
estimated, after Giemsa staining, under a light mi-
croscope. It exceeded 92% in all cases. To check
the migratory ability of the cells, we used the stan-
dard capillary tube method [16]. The capillary tubes
were placed in Falcon plastic chambers, which had
a volume of 0.48 ml. To each set of capillary tubes
containing unseparated white blood cells, including
granulocytes and lymphocytes, we added fractions
P, P, and P1 to P9 of MM in a concentration equal
to 150 j.g/ml of incubating medium. A set of tubes
was placed in chambers with Medium 199 alone to
serve as the control. The cells were allowed to mi-
grate for 20 hours at 37° C, and the area occupied by
the cells was measured in square centimeters on the
screen of a projecting microscope. The migration in-
dex (MI) was calculated by comparison of experi-
mental and control values. Those values above 1.0
indicated stimulation, and values under 1.0 signified
inhibition of the migration. The results of each indi-
vidual experiments, as well as results of all experi-
ments together, were submitted to statistical analy-
sis by Student's t test. P 01 and P 001 were
taken as the level of the significance. The SEM. SD,
and t values were counted.
In addition, the morphologic changes of migrating
white blood cells, stained according to the Giemsa
method, and studied with a light microscope, were
taken into account. In each migrating fan, a number
of cell aggregates was counted by using a standard
field of observation that was identical in all experi-
ments.
Preparation qf cells for scanning electron micros-
copy. To more precisely characterize the morpho-
logic changes of migrating cells under the influence
of MM, we used scanning electron microscopy
(SEM). For this purpose, cells of the three above
mentioned populations were allowed to migrate on-
to cover glasses placed on the bottom of the Falcon
plastic chamber. MM fraction P9 was shown to have
a large influence on the migration rate of cells and
was chosen for SEM studies in concentrations identi-
cal to that used for in vitro migration tests. Control
migrations in MM-free medium also were prepared.
The cells were fixed in 0.5% glutaraldehyde in phos-
phate buffer (pH, 7.4), dehydrated in increasing
concentrations of buffered acetone, and dried in a
stream of warm air. Slides were attached to speci-
men holders with silver paste and were coated un-
der vacuum with a thin film of carbon and gold by
using a carbon coater with a rotary stage. All speci-
mens were examined in an ISM-35 scanning elec-
tron microscope.
Results
Leukocyte migration was inhibited by all MM
fractions, with profound inhibition seen in fractions
P3, p4, p9 (50 to 70%). The results were statistically
highly significant. Less effective was fraction P,.
The influence of MM on granulocytes contaminated
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with up to 8% of monocytes was variable. Fraction
P2 exerted a stimulatory effect (60%), whereas frac-
tion P7 inhibited the migration (30%). The remaining
fractions had little effect (statistically insignificant)
on the cell migration rate. The smallest effect on mi-
gration rate was noted in pure lymphocyte samples.
Only fractions P1, P:, and P9 seemed to have a slight
inhibitory effect, which was, however, statistically
not significant. Table I summarizes the results.
In controls, lymphocytes showed the greatest
ability to migrate, granulocytes contaminated by
monocytes migrated slowest, and the unseparated
white blood cells showed a mean migration rate
close to that of lymphocytes. Morphologic evalua-
tions of unseparated migrating cells in control sam-
ples show granulocyte concentrations to be greater
than lymphocyte concentration in the peripheral
area of the fan.
With the addition of MM, particularly fraction P9,
the granulocyte-to-lymphocyte ratio in the periph-
ery of the fan was reversed. The migration rate of
lymphocytes was not influenced by MM, and they
did not form aggregates. Granulocytes, which dis-
played depressed migration rates, tended to form
cellular aggregates. There was no straight correla-
tion, however, between the number of aggregates
and the rate of the inhibition. Unseparated leuko-
cytes showed decreased migration rates under the
influence of all MM fractions, and displayed in-
creased tendency to form cellular clumps. Table 2
shows the areas of the migration and the relative
number of cell aggregates, checked in light micro-
scope.
The eluents obtained from the dialysate had no
effect on the migration of (1) unseparated leuko-
cytes (migration index: part I, 1.05; part II, 0.95,
Table I. Inhibition of migration by middle-molecule fractions4
Unseparated leukocytes Granulocytes LymphocytesFrac-
tion N MI SD SEM t value N MI SD SEM i value N MI SD SEM t value
P, 6 0.65 0.06 0.02 13.8 8 1.41 0.41 0.14 2.8472 II 0.78 0.29 0.09 2.3804
p2 8 0.68 0.13 0.04 7.0889 9 1.67 0.50 0.16 40363h 12 1.09 0.13 0.04 2.2632
P.1 5 0.53 0.20 0.09 5.17788 9 1.26 0.46 0.11 2.2696 10 0.83 0.21 0.07 2.4179
P4 6 0.39 0.13 0.05 11.20371 8 0.69 0,29 0.10 3.0686 13 1.05 0.13 0.03 1.61764
P 8 0.71 0.18 0.06 4.55561 7 0.69 0.20 0.08 4.11841 12 0.96 0.15 0.04 0.8605
P. 6 0.67 0.10 0.04 8.2250 9 0.87 0.34 0.11 1.1858 12 0.94 0.22 0.06 0.9838
p7 7 0.64 0.17 0.06 5.52318 8 1.04 0.93 0.33 0.1277 10 0.97 0.20 0.06 0.4677
P4 5 0.71 0.12 0.05 5.7255k 7 1.19 0.31 0.12 1.6810 9 1.01 0.18 0.06 0.2000
p9 6 0.57 0.12 0.05 9.04261 9 1.10 0.59 0.20 0.5255 8 0.76 0.31 0.11 2.1759
P,1 5 0.44 0.17 0.08 7.342111 7 0.87 0.19 0.07 1.7671 10 1.05 0.11 0.03 1.5588P 10 0.80 0.60 0.19 1.0794 7 1.25 0.32 0.12 2.0826 13 0.90 0.25 0.07 1.5072
Control 1.00 0.08 1.00 0.10 1.00 0.02
N is number of experiments. MI is migration index.
0.01.
P 0.001.
Table 2. Areas of the migration and the number of aggregates (Ag.) under the influence of middle-molecule fractions
Unseparated leukocytes Granulocytes Lymphocytes
Field of Field of Field
migration No. of migration No. of migration No. of
Fraction M1 Ag. MI4 Ag. x MI4 Ag.
P1 40.8 0.64 0.001 29 19.9 1.31 0.25 — 53.9 0.76 0.13 —
p2 39.6 0.63 0.09 12 26.8 1.77 0.31 — 73.5 1.03 0.06 —
P1 33.! 0.52 0.15 20 19.2 1.27 0.20 — 59.2 0.83 0.12
P4 19.8 0.31 0.07 18 10.1 0.67 0.12 — 73.8 1.03 0.06 —
p5 42.5 0.67 0.17 27 10.1 0.89 0.09 20 70.5 0.98 0.06 —
P 38.0 0.60 0.05 10 13.5 0.89 0.18 9 70.2 0.98 0.10 —
p7 430 0.68 0.26 — 17.3 1.14 0.45 — 71.0 0.99 0.11 —
P8 42.1 0.67 0.08 — 17.5 1.16 0.19 — 72.0 1.01 0.06 —
p9 32.3 0.5! 0.12 14 21.5 1.42 0.32 16 54.1 0.76 0.10 —
P4 26.3 0.42 0.13 9 12.8 0.85 0.22 9 76.4 1.07 0.04 —
P5 54.0 0.85 0.33 10 19.0 1.25 0.34 — 74.1 1.04 0.08 —
Control 16.3 1.00 0.15 4 15.2 1.00 0.17 4 71.6 1.00 0.03 —
2 MI is migration index. Values are SEM.
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Fig. 1. Seanning eleetroll nijeroseop-v of control i*-hjte blood cells, s/lolling A Ivtnphocvtes and B granuloeyte (fl-on! lien'). (Magnification,
x5000)
part Ill, 1.03), (2) granulocytes (migration index:
part 1, 0.77; part II, 0.94; part III, 0.73; with dif-
ferences being below statistical significance), and
(3) lymphocytes (migration index: part 1, 0.99, part
II, 0.99; part UI, 0.96) in comparison to the control,
which was equal 1.0 in all cases.
Scanning microscopy. The results obtained with
the light microscope were confirmed by scanning
electron microscopy. The SEM allowed addi-
tional evaluation of the qualitative changes of isolat-
ed as well as mixed population of white blood cells.
In all control samples, granulocytes and mono-
cytes were seen as individual entities lying separate-
ly and displaying good adherence to the glass. Ad-
herence to the glass is manifested by the presence
of long thin fihlipodia, as well as by broad flattened
vails of lamellipodia (Fig. I). Lymphocytes were
seen as rounded cells with generally smooth sur-
faces. Only occasionally were short microvilli ob-
served. In control samples of separated cells, the
front of the migrating fan was predominately com-
posed of mostly granulocytes and monocytes. Lym-
phocytes were commonly seen at the base of the
migrating fan.
The addition of MM fraction 9 to the mixed popu-
lation of leukocytes had no visible effect on the
morphology of granulocytes, monocytes, and lym-
phocytes. Partial loss of fillipodia was observed,
however. In contrast to the controls, cells tended to
adhere to each other and to form clumps consisting
of all kinds of leukocytes. At the periphery of the
migrating fan, lymphocytes were more numerous,
and at the base, granulocytes were found in larger
numbers. Cell aggregation was especially evident at
the base of the migrating fan (Fig. 2).
The addition of MM to separated cell populations
did not bring about any marked changes, except the
above mentioned partial loss of fillipodia by mono-
c ytes.
Discussion
As seen from the presented results, MM marked-
ly inhibit migration of unseparated leucocytes. MM,
however, do not visibly influence the migration rate
of lymphocytes alone. In the case of separated gran-
ulocytes contaminated by monocytes, some frac-
tions of MM inhibit migration whereas others had a
stimulating effect.
It is known that cell migration can be modulated
by several factors that can directly affect cells, or
indirectly influence cell populations by the release
of substances from sensitized lymphocytes [7, 16].
It might be postulated that the granulocyte-to-lym-
phocyte ratio influences the migratory ability of Un-
separated leukocytes.
The observed inhibitory effect of MM on the mi-
gration rate of unseparated leukocytes indicates
that these peptides modify interactions between
lymphocytes, granulocytes, and monocytes. Such
interactions might involve a purely physical phe-
nomena manifested by cell aggregation and a sub-
sequent decrease in the cell migration rate. Micro-
graphs obtained by SEM support such a hypothesis.
I)worak et al [181 found that the migration of sensi-
tized cells obtained from peritoneal exudate was in-
hibited as a result of the aggregation of macro-
phages and lymphocytes. This was accompanied by
the loss of glycocalyx in the area of intercellular
contact.
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Fig. 2. Scanning electroit ,nicroseopv of aggregate under the influence (if middle 1110/ecu/es. (Magnification, x 2000)
If modifications of the cell surface are responsible
for modulation of migratory ability of cells, it could
be postulated that this effect is connected with MM.
It is known that decreased electrostatic surface
charge is responsible for slowing down the migra-
tion of cells [19]. Perhaps MM can act on cell mem-
branes in a similar way. The formation of cell aggre-
gates might also reflect the cell-to-cell transmission
of substances involved in the regulation of migra-
tion. It is unlikely that production of lymphokins is
responsible for the observed results because MM
have been shown to inhibit blastic transformations
of lymphocytes [5]. On the other hand, MM may
block lymphokin receptors on the cell membrane or
modulate production of these substances. It might
be speculated that the biologic activity of MM re-
sults from the presence of other substances such as
glucose, acetate, drugs, or products of bacterial or
fungal metabolism. These substances might perhaps
contaminate fractions used in the experiment.
The middle molecules were predominantly ob-
tained, however, from dialysate that does not con-
tain glucose. If plasma was used as a source of pep-
tides, native glucose was eliminated by passing the
serum through hydrogen cationite. Acetate from
dialysate was completely removed by dialysis
against distilled water.
The majority of patients did not receive any
drugs. In cases where antihypertensive drugs were
administered, the spectrum of fractions in untreated
patients as compared to those receiving drugs was
identical.
The possibility that the results were influenced by
products of bacterial or fungal metabolism are re-
puted in the following arguments: The dialysate
was made by a local mixing of deionized water with
concentrate. The automatic mixing devise was ster-
ilized before each dialysis. The dialysers were not
reused. MM fractions were obtained from plasma
that was germ-free. These fractions were shown
to be identical to MM fractions from dialysate.
Isolation of middle-sized peptides was performed
in the presence of antibiotics (penicillin, strepto-
mycin, nystatin), and the same electrophoretic
patterns of MM fractions were obtained. The sol-
utes in the middle-molecular-weight range were
also isolated from the ultrafiltrate obtained by se-
quential ultrafiltration dialysis. It was performed
under sterile conditions. These experiments re-
vealed an identical chromatographic spectrum as
those obtained from dialysate.
The results of the controls in which the dialysate
not exposed to the blood was used repute the possi-
bility that the substances present in the dialysate it-
self, as well as the constituents of the gel, could
change the migration of the cells. It is possible that
solutes in the middle-molecular-weight range pres-
ent in normal plasma would have the same effect,
providing they were used in the same concentra-
tion.
The results presented here clarify our former ob-
servations concerning the cellular composition of
exudate obtained by the skin-window technique. In
untreated patients with uremia, the overall cellulari-
ty of skin exudate is lower than it is in normal sub-
jects, and granulocytes represent a predominant
population [4, 5]. This seems to contradict the re-
sults presented in this paper. To interpret, however,
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in vitro migration, it is necessary to keep in mind
that two phenomena occur simultaneously in cells
with phagocytic properties. These phenomena are:
phagocytosis of glass expressed morphologically by
the formation of lamellipodia; and the mobility man-
ifested by the presence of phillipodia [20]. The
former does not occur during the course of in vivo
migration; therefore, granulocytes in natural condi-
tions migrate faster than mononuclears.
MM-induced inhibition of the migration of un-
separated leukocytes in vitro is reflected in vivo by
diminution of the overall cellularity of skin exudate,
but the percentage of the better migrating gran-
ulocytes is higher. This statement can be supported
by the tendency of granulocytes to desintegrate.
This is accompanied by a decrease in lysosomal
function as measured by estimating the acid phos-
phatase activity [3, 4].
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